The SRG is being evaluated as a high-efficiency power source alternative to replace Radioisotope Thermoelectric Generators (RTG's).
The SRG system efficiency of 20 to 25 percent will reduce the required amount of radioisotope by a factor of 3 or more compared to RTG's. This significantly reduces radioisotope cost, radiological inventory, and system cost and provides efficient use of the scarce domestic supply of radioisotope resources. An initial assessment of the TDC heater head life has been completed (Halford, 2002) . These initial analytic studies have indicated that the pressure vessel wall thickness at the hot end of the regenerator will need to be increased over 7 ¢_ 10 -7 *., 0-8 Q.
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_ 10-9 pressure loading results in a biaxial stress state.
To factor this effect into the life assessment, a structural benchmark test rig, shown in figure 3 and described by Halford et al. (2002) , has been assembled to test prototypical heater heads in accelerated life tests. Elevated pressure and/or temperature will be used to accelerate the testing. Several tests will be run to first assist in the calibration of the life assessment methods and then a longer test run for validation purposes. The test rig has recently completed checkout testing, and heater head testing will be initiated once the heater head design is finalized and sample heater heads have been obtained.
TDC PERFORMANCE AND EMI TESTING
TDC's S/N 5 and 6 were delivered to NASA Glenn in August of 2000. They were tested at full piston stroke and also over a range of reduced strokes while in the dual-opposed configuration (Schreiber, 2002) . This configuration leads to dynamically balanced operation that results in very low levels of vibration. An additional set of convertors, known as TDC's S/N 7 and 8, has been delivered to NASA Glenn and has completed acceptance tests. TDC's S/N 7 and 8 are nominally identical to TDC's S/N 5 and 6 and are being tested in the same dual-opposed configuration.
During the acceptance test, TDC's S/N 7 and 8 generated 110.1 watts AC of power at the design condition of 650°C hot-end temperature and 120°C cold-end temperature. These convertors are presently undergoing variable-stroke performance mapping, and the results are generally the same as those for TDC's S/N 5 and 6. The performance map was not completed in time to include in this report. Current plans call for TDC's S/N 7 and 8 to be tested for approximately 1,000 hours, followed by operation during a vibration test at NASA Glenn to simulate launch. The convertors will then be put on extended test to accumulate another 2,000 hours of operation. This sequence will approximate operation on earth prior to launch, the launch environment, and steady state operation following a launch.
The convertors will then be disassembled and carefully inspected to check for any evidence of wear or possible degradation.
Variable-stroke performance mapping of TDC's S/N 5 and 6 has been completed, and they are now used to support a variety of other tests. One facet of this testing is to operate each TDC as a single unit to characterize performance.
The fundamental difference in operation as a single convertor stems from the motion of the convertor housing. In the dual-opposed mode of operation, there would be no casing motion if the convertors were identical dynamically and if the connecting structure was perfectly rigid.
In this case, the f.,_ @_ _ dynamics of the piston and displacer in each convertor would be that of a nonlinear two-body dynamic system. In reality, any connecting structure will have some compliance, and there will be some finite motion of each housing. The single convertor test stand has been designed to approximate the dynamics that may exist in a space power generator. Figure 4 shows TDC's S/N 5 and 6 on the single convertor test stand. Performance data for this configuration was not available for this report.
Performance mapping of the TDC's made use of a laboratory controller that uses control logic with a zener diode to prevent overstroke of the piston. However, it imposes a sharp load twice per cycle and thus introduces a significant content of higher harmonics to the output current and voltage waveforms.
To obtain the EMI/EMC levels necessary for most space science missions, it may be preferred that the controller produce little harmonic content. A controller hasbeen developed atNASAGlenn thatuses digital logictoregulate a resistive loadon the AC output of the linear alternator. Initial tests with the NASA Glenn controller indicated that the harmonic content was less than 5 percent. TDC's S/N 5 and 6 have been operated with this controller, but full performance mapping has not yet been done. Tests have been performed to characterize the AC magnetic emissions with both controllers. A total of 64 measurements were made over a two-day test. The data is currently being reduced and readied for interpretation.
These initial tests will help develop strategies to manage the EMI.
LAUNCH ENVIRONMENT TESTS
Testing and characterization of the TDC's in the NASA Glenn Structural Dynamics Laboratory (SDL) has become a key part of the technology project.
The SDL has two capabilities that are utilized.
One is a facility known as the Microgravity Emissions Laboratory (MEL), which is used to measure the vibratory emissions that emanate from an operating device. The SDL also has shake tables that are used to perform more typical vibration tests. During 2001, TDC's S/N 5 and 6 have been used in one MEL test and two vibration tests. More details on these tests are given by Schreiber (2001) and Suarez (2002).
The MEL facility is shown in figure 5 . The MEL tests were performed on TDC's S/N 5 and 6 operating in the dualopposed configuration.
The purpose of the test was to determine the effect of alignment tolerances on disturbances generated during operation. The MEL fixture was designed to allow the alignment of the convertors to be adjusted by lateral offsets and angular misalignments.
Also, tests were performed to compare rigidly mounting the convertors to using a mounting structure with a resonant frequency either 40 percent below or 40 percent above the TDC operating frequency.
The convertors were operated at the full piston stroke during all MEL tests and thus were generating their maximum vibratory signature.
The results of the test showed the emissions to be distinctly tonal and generally benign. 
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The TDC was shown to be able to operate at full power and suffer no damage when subjected to high levels of random vibration in previous vibration tests (Goodnight, 2000) . The response of the internal components and the remaining margin were not known.
To better understand the internal structural dynamics, a test was devised that used a single convertor mounted on the shake table with the pressure vessel removed.
A suite of accelerometers, optical probes, and force sensing bolts was developed to measure the response of the key components, primarily the piston rod and linear alternator.
The convertor, TDC S/N 6, was motored at the resonant frequency of 73 Hz, which is a lower frequency than for typical operation as a power convertor since it was now being operated at a mean pressure of one atmosphere.
Random vibrations were imposed in the axial direction and then in the lateral direction, with the TDC operating at full stroke and half stroke. The level of random vibration used in these tests was 2.17 Grms. This is 25 percent of the flight acceptance level and should allow for sufficiently detailed data that a structural dynamicist could develop an understanding of the structural response.
A series of sine sweeps were also performed from 5 Hz to 2000
Hz at levels up to 0.5 G. The tests have been completed, and the data are being analyzed (Suarez, 2002) .
Random vibration tests were also conducted with dual-opposed TDC's S/N 5 and 6 mounted in an Engineering Mounting Structure. The purpose of these tests was to study the interaction of dual-opposed Stirling convertors when subject to random vibration through a coupling that may be representative of the structure of the final SRG. Mounting structures were devised with resonant frequencies of 11 Hz, 36 Hz, and 104 Hz.
These included structures with resonant frequencies lower and higher than the operating frequency of the convertor. Again, random vibration was kept to 25 percent of the flight acceptance level. The test fixture with the 11-Hz mounting structure is shown in figure 6. The tests have been completed, but the data have not yet been processed. The TDC's operated in a well behaved manner, even duringsinesweeps when themounting structure allowed ahighdegree ofmotion asthetest passed through resonance. characterized, and compared to their baseline characterizations completed before the start of testing to determine the rate of aging.
Short-term
aging tests were first run on various NdFeB magnet types to assist in selecting the magnets for the longterm tests. Tests were completed for 100 hours on three magnet types at 120°C and in a 6-kOe demagnetizing field;
no measurable changes were found after these tests. 200-hour tests were then run on six magnet types at 150°C and in a 5-kOe demagnetizing field to see if this higher temperature would produce any measurable aging. These tests showed that, depending on magnet type, remanence losses ranged from 0 to 7 percent and intrinsic coercivity losses varied from about 1 to 4 percent.
In general, measurements were resolvable to about 1 percent. In some cases, the coercivity losses were not recoverable by recharging the magnet sample, indicating a structural change of the material. These results are discussed by Niedra (2001).
PERMANENT MAGNET DEMAGNETIZATION MARGIN
NASA Glenn has developed a three-dimensional finite element method (FEM) approach for evaluating linear alternators using Ansoft's Maxwell 3D finite element software. The analyses of the TDC linear alternator was recently extended to include the effects of the load current. The demagnetization margin for the NdFeB permanent magnets was evaluated over the operating cycle and also for several magnet temperatures. The NASA Glenn analysis tools and these results are discussed by Geng (2001). Figure 7 shows the magnetic field strength (H) vs. distance along a pair of magnets attached to one stator leg for the mover positioned at the end of stroke. The model predicts that this is the most severe magnet loading over the entire stroke and that the maximum localized demagnetization field occurs on the inside surface (mover side) of the uncovered magnet. 
EVALUATION
OF CONVERTOR ORGANICS SRG multimission use could include a mission to the environment of Jupiter, such as to the moon Europa. The ionizing radiation around Jupiter is much more severe than that produced by the GPHS radioisotope heat source. The organic materials in the TDC have been replaced, as necessary, with radiation-hard organic materials to meet this need (Golliher, 2001) . These organics are used in the piston, displacer, and rod surface coatings; piston bumpers; and alternator adhesives and electrical insulations.
These radiation-hard organics were first used on the TDC's that are now on test at NASA Glenn, and these convertors are serving as a test bed for these materials.
In addition, the NASA Glenn Polymers Branch and Tribology and Surface Science Branch are further evaluating two of the key organic materials.
Thin-film samples of the Xylan material used in the piston bearing coatings are being subjected to testing in a radiation exposure facility, using X-rays as the radiation source. Both the original material, which was Teflon-based, and the one now being used for radiation hardness, which is based on molybdenum disulphide, MoS2, are being tested. A one-hour exposure provides a dose of 4 Mrad to the interior of the .005-cm thick film. These thin films will then be "scratch-tested" to evaluate changes in their mechanical properties.
3M TM Scotch-Weld TM 2216 B/A Gray epoxy adhesive is used to bond the NdFeB permanent magnets to the stator laminations in the linear alternator. A series of tests will first be run on test coupons to experimentally quantify this bond strength under various loading modes and as a function of temperature.
Pure tension, pure compression, sandwich shear, and single cantilever loads will be included.
Fatigue curves will also be generated for the adhesive and interface.
Once the general characteristics of the bond have been established, component-scale tests will be conducted to evaluate the performance and lifetime of the bond in the in-service operating environment and under the combined stress states that the bond sees in actual operation.
The loading conditions will be based on results of FEM modeling of the linear alternator.
MULTI-DIMENSIONAL CFD PERFORMANCE CODE
A grant has been awarded to Cleveland State University (CSU) to develop a multi-dimensional Stirling computational fluid dynamics (CFD) code to significantly improve Stirling loss predictions and assist in identifying convertor areas for further improvements.
The University of Minnesota (UMN) and Gedeon Associates are teamed with CSU for this effort. Key existing one-dimensional Stirling performance and design codes agree reasonably well with each other in terms of overall performance but can differ significantly in the magnitude of specific internal losses. Also, one-dimensional codes do not rigorously model manifolds between heat exchangers and expansion/compression spaces in the convertor. In certain cases, hardware experiences have shown that large performance gains can be made by varying manifolds and heat exchanger designs to improve flow distributions in the heat exchangers. It is expected that this CFD code should give a significant improvement in the understanding of these losses and convertor design areas and, thus, help lead to further performance improvements.
TwoCFDcodes have been evaluated. Thefirstisa two-dimensional incompressible flowcode, CAST, Computer
Aided Simulation of Turbulent Flows. CAST was used for initial two-dimensional modeling of "Stirling machinelike" components during the SP-100 program, aimed at eventual development of a Stirling CFD code. CAST was then modified to model compressible, non-acoustic flow (Tew, 2001) . The other code under consideration is CFD-ACE+, a commercial CFD code developed by the CFD Research Corporation. CFD-ACE+ can model two-or three-dimensional geometries and includes acoustics. Results from the two codes were compared with test data taken from 1) a gas spring and 2) a single piston/cylinder and annular heat exchanger (Ibrahim, 2001 and Tew, 2001) . CFD-ACE+ has now been chosen for proceeding on the development of the Stirling CFD code. This choice was based primarily on CFD-ACE+'s higher state of development, including its ability to model three-dimensional geometries and its sophisticated pre-and post processors. The two codes were similar in their execution time.
............. ..... " ®iiii!X i ii!Iiiii The CSU rig operates at frequencies similar to actual Stirling convertors but is also large enough to allow access for detailed measurements.
INTEGRATED HALL THRUSTER TEST
An important aspect of implementing SRG's on future missions is the integration of the generator and controller with potential spacecraft loads. Some recent studies have indicated that the combination of SRG's and electric propulsion devices offer significant trip time and payload fraction benefits for deep space missions (Oleson, 2001 
